Compared with medium and small span bridges, very limited attention has been paid on the research of the impact coefficient of long-span railway bridges. To estimate the impact effects of long-span railway bridges subjected to moving vehicles, a real longspan railway cable-stayed bridge is regarded as the research object in this study, and a coupled model of vehicle-bridge system is established. The track irregularities are taken as the system excitation and the dynamic responses of the vehicle-bridge system are calculated. The impact effects on main girder, stayed cable, bearings, and bridge tower are discussed at various vehicle speeds. The results show that different components of the long-span railway cable-stayed bridge have different impact coefficients. Even for each part, the impact coefficient is also different at different local positions. It reveals that the impact coefficients in the actual situation may have significant differences with the related code clauses in the present design codes.
Introduction
Along with the all-round development of the railways in China, higher train speed, heavier axle load, and greater traffic density have brought out the issue of the dynamic interaction between vehicles and old long-span railway bridges. In addition, long-span railway bridges are also subjected to intensive environmental loadings due to the interaction with the environment conditions [1] [2] [3] . The traffic and environmental loading effects in bridges may induce the structural movement and stresses due to the indeterminacy, which may cause the damage events of the structural components even the entire bridge. Therefore, it is essential to understand the static and dynamic responses for the bridge performance assessment with the aids of the various monitoring sensors and techniques [4, 5] . Among the crucial parameters of the bridge, the impact coefficient is commonly utilized for the performance evaluation of the long-span railway bridges. In the bridge design codes, the impact coefficient is defined as an increase factor of the static loads, which reflects the dynamic effects of the moving vehicles on bridges. The impact coefficient of the bridge, as the comprehensive reflection of the dynamic characteristics and interactions in the vehicletrack-bridge system, plays an important role in the health monitoring, safety assessment, and lifetime prediction for the bridges [2, 6] . To ensure the health and reliability of old longspan railway bridges, it is of great significance to analyze the influence factors and rules of impact coefficient in the theory and engineering application [7] [8] [9] .
Many researches to quantify the impact coefficient have been conducted by bridge engineers around the world. Matsuura studied the dynamic characteristics of high-speed railway bridges subjected to moving vehicles and indicated that the bridge resonance induced by the regular arrangement of axle load was significant [10] . Bhatti et al. studied the dynamic response of a simply supported truss bridge, which showed that each member bar of the truss had different local impact coefficients [11] . Song et al. investigated the dynamic amplification factors of a cable-stayed maglev bridges by idealizing the cable-stayed bridge as a simple beam on an elastic foundation [12] . Chen et al. studied the static, dynamic, and fatigue condition of long-span suspension bridges on the basis of structural health monitoring system (SHM) [13, 14] .
Existing impact studies primarily focused on simply supported medium or small span bridges, while little attention has been paid on long-span railway cable-stayed bridges [15, 16] . Compared with simply supported bridges, cablestayed bridge is featured as a flexible structure which can be considered as combined systems of main girder, stayed cable, tower, and pier. Each component of the cable-stayed bridge may have different impact coefficients. However, one bridge only has one specific value of impact coefficient according to the related codes of railway bridges in both China and abroad, which could not reflect the different impact effects on each component.
Coupled vehicle-bridge vibration is applied to analyze the impact effects in this study. To validate the reliability of the algorithm, this paper studies a 32 m simply supported bridge first. Then, a long-span railway cable-stayed bridge is investigated in order to evaluate the impact effects of each component. To some extent, numerical results from this study can serve as valuable reference to the design, construction, and maintenance of long-span railway bridges. Besides, to optimize sensor placement for structural health monitoring [5, 17] , impact coefficients can be defined as "health index" to estimate the health and safety of bridges, which are available to identify the vulnerable parts of the bridge in the health monitoring process [18] . Furthermore, the coupled vehiclebridge vibration analysis could be regarded as a theoretical method to quantify the impact response of bridges in the vibration monitoring based on field testing.
Modeling of Coupled Vehicle-Bridge
System and Its Verification 
Modeling of Rail Vehicles.
A train usually consists of bodies, wheelsets, bogies, and suspension systems, and all the locomotives and coaches can be modeled into mass-springdamper systems as shown in Figure 1 (e.g., a 4-axle vehicle). Considering the secondary suspension system for a four-axle vehicle, the whole vehicle can be divided into seven rigid bodies: one vehicle body, two bogies, and four wheelsets, and they are connected with each other by springs and dampers. In this study, it is assumed that the degree of freedom (DOF) along the traveling direction can be neglected. Thus, each vehicle body and bogies are specified with five DOFs in the lateral, vertical, floating, rolling, yawing, and nodding directions. The wheelset only has two independent DOFs in the lateral and yawing directions. That is to say, a four-axle vehicle has total 23 DOFs which can indicate the vibration characteristics of a railway vehicle well. Figure 2 has a main span of 432 meters. It is a long-span railway cable-stayed bridge with steel truss deck, two towers, and double cable planes, which belongs to semifloating supported configuration. A finite element model for the bridge is established using the general FEM software ANSYS. Beam4 is used to model the main girder and tower; Link8 is employed to model the stayed cable; and a three-orthogonal-beam model for the finite element is adopted to simulate the foundation stiffness [20] . The finite element model of the cable-stayed bridge is shown in Figure 3 . The results of the dynamic characteristic analysis of the bridge model show that the first, second, and third order mode shapes are the longitudinal, transversal, and vertical bending, respectively. Their fundamental frequencies are 0.159 Hz, 0.287 Hz, and 0.423 Hz, respectively. The first ten natural frequencies and mode shapes are shown in Table 1 . [16, 21] can be defined as amplification in the design traffic load resulting from the interaction of moving vehicles and bridges. The impact coefficient is defined as follows:
Verification. Impact coefficient
where max is the maximum dynamic response in the time history curve while max is the maximum static response value in the time history curve. In order to validate the reliability of the algorithm, the vertical vibration response of a 32 m simply supported bridge has been investigated [22, 23] . Various vehicle speeds are discussed, and the numerical results are compared with those calculated by the impact formulas presented in the existing Figure 4 . It consists of four posttensioned precast simple T-beams. When a train passes through the simply supported bridge at a constant velocity , the arrangement of the train axle loads has certain regularity. The train axle load impacted on the bridge equals a cyclic loading with a frequency of
When the loading frequency V and the natural frequency of bridge have a relation with integer times , resonance will be excited on the bridge, and an impact coefficient peak will appear. The resonance speed [24] corresponding to the th bridge's resonance, (2) , is defined as
where is the natural frequency of the bridge in Hz; and V is the length of the train in meters. The eight-span simply supported bridge is established based on self-developed analysis software BANSYS. According to the calculation results, the natural frequency of the bridge is 3.864 Hz. A CRH2 passenger train of 26 m length, with a train arrangement of 2 × (1 trailer + 1 motor + 1 motor + 1 trailer), is employed in this study to investigate the resonance speeds for the bridge, and some parameters of CRH2 are shown in Table 2 . The results show that the first three theoretical resonance speeds corresponding to (2) are 361.7 km/h, 180.8 km/h, and 120.3 km/h, respectively.
To study the vertical resonance response of the simply supported bridge at high speeds, the vehicle speed range is set from 100 km/h to 420 km/h with an interval of 10 km/h. The measured track irregularities of Zhengzhou-Wuhan line, as shown in Figure 5 , are taken as the system excitation inputs. The dynamic response of the vehicle-bridge system and the static response of the bridge with moving loads passing through the bridge were obtained from BANSYS. Then the maximum dynamic and static responses can be obtained in the time history curves, and according to (1) , the curves of the impact coefficients for the vertical displacement and bending moment of the 1st midspan at various vehicle speeds are calculated and shown in Figure 6 .
As shown in Figure 6 , the impact coefficient for the simply supported bridge does not increase monotonously with the vehicle speed, and some peak values appear in the curves. The peak values of the impact coefficient appear at the speed of 120 km/h and 360 km/h, which is close to the third theoretical resonance speed (120.6 km/h) and the first resonance speed (361.7 km/h) of the bridge. The results show that it is feasible to quantify the impact coefficient with the method of the coupled vehicle-bridge vibration. Meanwhile, the reliability of analysis software BANSYS is validated.
Vibration cancellation phenomenon occurs at the second resonance speed (180 km/h), which leads to the disappearance of resonance. When the train speed simultaneously satisfies conditions of both vibration cancellation and resonance phenomena, cancellation plays a predominant role, and the peak value of impact coefficient disappears [25] . In addition, the impact coefficients for the vertical displacement and bending moment are essentially consistent, and the impact coefficient for the vertical displacement will be studied at the most conditions in the following context.
The comparison of the impact coefficients quantified by the method of the coupled vehicle-bridge vibration with the values calculated by the impact formulas presented in the existing codes [26] [27] [28] [29] is shown in Figure 7 .
As shown in Figure 7 , in the range of the design vehicle speed (200 km/h) except for 120 km/h (the third resonance speed), the impact coefficients obtained from the coupled vehicle-bridge system model satisfy the requirement of Fundamental Code for Design on Railway Bridge and Culvert [30] . And the impact coefficients calculated by the code formulas are greater than the numerical results quantified from the coupled vehicle-bridge model at most vehicle speeds. 
Analysis of Impact Coefficient for Long-Span Cable-Stayed Bridge
To study impact coefficient of Hanjiatuo Bridge, the analysis software BANSYS is employed to obtain the time history response curves of each component of Hanjiatuo Bridge under static and dynamic traffic loads. However, in spite of the fact that the impact formulas presented in the existing codes only suit the middle and small span bridges, these formulas are also applied to the design of long-span bridges, which may lead to underestimating the impact coefficients. The impact coefficient of Hanjiatuo Bridge is 0.05 based on Fundamental Code for Design on Railway Bridge and Culvert [30] .
Impact Coefficient for Displacement of Main Girder.
CRH2 vehicles are passing through the bridge at the speeds of 160 km/h, 200 km/h, and 240 km/h. The impact coefficients for the vertical displacement of the whole main girder are displayed in Figure 8 . In order to investigate the relationship between the vehicle speed and the impact coefficient for the main girder, the following vehicle speed range from 100 km/h to 240 km/h with an interval of 20 km/h is studied. The impact coefficients for the vertical displacement of typical positions on each span at various velocities are shown in Figure 9 . It can be seen from Figures 8 and 9 that the long-span railway cable-stayed bridge has a lower natural frequency due to its flexible nature. Thus, resonance phenomenon occurs hardly in the range of the operational speed. Besides, the coupling effect between spans is strong. The variation of the impact coefficient is not obvious with the increase of the vehicle speed. On the whole, though the vertical displacements of bridge decks near the locations of piers and towers are small, the impact coefficients of the locations are greater than other locations. The impact coefficient for the vertical displacement of the main span is less than those of the other spans, and the impact coefficient is insensitive to the vehicle speed, which is due to the mitigation of impact effect resulting from the greater span length. The time histories for the vertical displacement of the right secondary side span at the speed of 200 km/h are shown in Figure 10 .
Impact Coefficient for Force of Cable.
In order to study the impact coefficient for the force of cables, the stayed cables are divided into four cable areas in the longitudinal direction of the bridge, as shown in Figure 2 . The stayed cables in each cable area are numbered from 1 to 14 with the increase of cable length. The vehicle speed range is from 100 km/h to 240 km/h with an interval of 20 km/h. The time histories for the force of cables under both static and dynamic vehicle loads are calculated by BANSYS, and the impact coefficients of each cable area at various vehicle speeds calculated from (1) are shown in Figure 11 .
As shown in Figure 11 , with the increase of the vehicle speed and the cable length, the variation of the impact coefficient for each cable area differs from each other. It should be specially noticed that the maximum value of the impact coefficient occurs at the first cable of number 4 cable area at the speed of 240 km/h, which approaches 1.11. The impact coefficients of the shorter cables are sensitive to the vehicle speed; the impact coefficients for the force of the cables increase with the increasing vehicle speed.
When the static and dynamic vehicle loads act on the bridge at the speed of 200 km/h, the time histories for the force of three cables numbered 1, 5, and 14 at number 4 cable area are shown in Figures 12, 13 , and 14.
Impact Coefficient for Force of Bearing.
In order to study the impact coefficient for the force of bearing, the bridge piers are numbered from 1 to 5 as shown in Figure 2 . Beam4 element is employed to simulate bearing, and BANSYS is used to obtain the static and dynamic responses of bearing. When CRH2 vehicles pass through the bridge on the left line at the velocities of 160 km/h, 200 km/h, and 240 km/h, the impact coefficients of the bearings computed are shown in Figure 15 . When the vehicles pass through the bridge on the right line at the speed of 200 km/h, the impact coefficients are shown in Figure 15 .
It can be seen from Figure 15 that the impact coefficients of the bearings do not augment with the increasing vehicle speed. Generally, the impact coefficients of tower bearings are smaller than those of the pier bearings, and the impact coefficients of the side pier bearings are greater than others. In contrast to the data shown in Figure 16 , when vehicles pass through the bridge on the left line, the impact coefficients for the left bearings are less than those for the right bearings; otherwise, the impact coefficients for the right bearings are less than those for left bearing when vehicles pass through the bridge on the right line. The results show that when vehicles pass through the bridge on one side line, even if the forces for the bearings of the other side are less, the impact coefficients are greater. 
Impact Coefficient for Bending Moment of Bridge Tower.
When CRH2 vehicles pass through the bridge with three various velocities, the impact coefficients for the bending moment of the bridge towers are shown in Figure 17 . It can be seen that the stress distribution in the anchorage area of the cable-tower is complicated. The impact coefficients can be negative values, and the minimum value is −0.05. The most obvious impact effect occurs at the element closest to the foundation of the bridge towers. The impact coefficient of number 4 tower at the speed of 240 km/h can approach 1.08. At the vehicle speed of 200 km/h, the time history for the bending moment of the tower element between number 12 and number 13 cables belonging to number 3 tower is shown in Figure 18 . It can be seen from Figures 17 and 18 that the impact effect for the upper part of bridge towers is limited. 
Conclusions
(1) The vertical impact effect of a 32 m simply supported bridge is investigated systematically. The coupled vehiclebridge vibration system model is employed in the analysis, and the resonance speed computed by BANSYS is in good agreement with that calculated by the theoretical formula. The results show that it is feasible to study the impact coefficient based on the method of the coupled vehicle-bridge vibration.
(2) Different from a simply supported bridge, resonance phenomenon of a long-span railway cable-stayed bridge occurs hardly in the range of the operational speed. And the variation of impact coefficient is not obvious with the increasing vehicle speed due to the strong coupling effects between spans. On the whole, the impact coefficient for the vertical displacement of the main span is less than that for the other spans. The impact coefficient of the right secondary side span is 0.30 while the impact coefficient for the main girder can approach 0.94 at the train leaving side.
The impact coefficient for cable force increases with the increasing vehicle speed generally. The impact coefficients of shorter cables are sensitive to the vehicle speed, which can approach 1.11. (4) The impact coefficient for the force on the bearings at the tower is small, while the impact coefficient for the force of the bearings at train entering side is significant, which can be 0.36. Under the condition of unilateral loading on the bridge, the impact effect for the bearings of nonloading side is greater.
(5) On the whole, the closer the foundation of bridge towers, the larger the impact coefficient for the bending moment of the bridge towers, which can approach 1.08. In the anchorage area of the cable-tower, owing to the existence of cables, the stress distribution in this area is complicated and impact coefficients can be negative values. In a word, different components of the long-span railway cable-stayed bridge have different impact coefficients. Each component also has different impact coefficients at different local positions. And numerical results are significantly different from the design code, except for that of main span, which approaches the design code. Impact coefficients of many positions are much larger than the value calculated by the code (0.05). The design code may focus on the impact coefficient of main span.
